The reasons for differences in the waveform and the delay between the blood flow and temperature oscillations at the skin surface are far from being fully understood. In this study, we determine the relationships between spectral components of the blood flow and temperature oscillations in fingertips, and we ascertain the frequency dependences of amplitude attenuation and delay time for the temperature oscillations. The time-frequency analysis of oscillations was based on the Morlet wavelet transform. The frequency dependencies of delay time and amplitude attenuation in temperature compared with blood flow oscillations have been determined in endothelial (0.005-0.02 Hz) and neurogenic (0.02-0.05 Hz) frequency bands using the wavelet spectra. Application of established frequency dependencies in each point of thermograms allowed us to visualize of skin blood perfusion in hands. The method can be considered as the procedure of converting skin temperature into photoplethysmographic signal, and vice versa.
Introduction
Dynamic IR-thermography has great opportunities in a non-contact monitoring of skin engraftment and researches of burn injuries or chilblains [1, 2] , herewith the temperature distribution defined mainly by skin blood perfusion. At the same time, a number of previous studies have been demonstrated differences in a waveform of temperature and blood flow signals [3] [4] [5] [6] [7] . In addition, there is the delay time between simultaneously registered blood flow and temperature signals [3, 4] . Finding interrelation between temperature and skin blood flow, therefore, is the fundamental problem of medical thermal imaging.
The aim of the present study was determination of relationship between temperature and blood flow signals in a spectral domain and application the relationship for blood perfusion imaging in hands with high spatial and temporal resolution.
To achieve the objective we used the envelope of photoplethysmography signal from finger as a characteristic of peripheral blood flow oscillations and thermal IR-camera for skin temperature measurements of hands. Than, we applied wavelet transform to the signals for estimation of spectral components of the temperature and blood flow oscillations. The spectral components have been compared at each frequency so as to plot frequency dependencies of amplitude attenuation and time shift of the temperature.
Infrared imaging and photoplethysmography measurements
The study included ten normal healthy subjects who were not on medication and who had no history of cardiovascular diseases. All subjects were non-smokers. Their mean ± standard deviation age was 30 ± 5 years. Simultaneous measurements of skin temperature and blood flow of the fingertips were performed under comfortable conditions at close to the constant room temperature 23±0.2°C. The subjects were wearing light clothing.
Photoplethysmography-assessed blood flow and temperature signals were measured during 20 minutes at rest. Photoplethysmographic signal was measured by reflectance sensor KL-72001(Taiwan). Temperature of the skin was measured using the thermal imaging camera ThermaCam SC 3000 Flir Systems (Sweden) operating in the spectral range 8-9 µm with temperature sensitivity 0.02 °C. Room temperature was controlled by Davis Vantage Pro 2 Weather Station (USA). Measurements were carried out in a sitting position, hands placed on the surface with low heat capacity (foam plastic). The time adaptation of each subject to the environment was 10-15 minutes. The index finger was placed at the top of the photoplethysmographic sensor. Average temperature within the rectangular area was registered at the lateral side of the distal finger phalanx. The sampling rate of the temperature measurements was 2 Hz, and for the photoplethysmography measurements -50 Hz. The envelope of the peaks of photoplethysmographic pulse waves was used as a signal characterizing the blood flow changes.
Skin temperature oscillations as thermal waves generated by blood flow oscillations
To analyze relationship between the temperature and skin blood flow oscillations in a spectral domain we introduced the following theoretical assumptions: a) Blood flow oscillations are the main cause of variation in skin temperature; b) Blood flow oscillations are the source of thermal waves traveling from some depth to the surface, and detected by IR-camera as skin temperature oscillations; c) The thermal waves under consideration characterized by amplitude attenuation and dispersion.
Thus, definition of frequency dependencies of attenuation and time shift of the temperature signal relative to blood flow signal is necessary for determination of the quantitative relationship between the physiological signals. The frequency dependencies of attenuation and time shift were determined in our recent study [8] . Spectral decomposition of the temperature and photoplethysmography-measured blood flow performed by means of Morlet wavelet transform. As a result the frequency dependencies of the amplitude attenuation ( figure 1 a) and the time shift (figure 1 b) of temperature oscillations relative to the blood flow oscillations have been determined (see the original paper [8] for details).
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Fig.1. Frequency dependencies of the amplitude attenuation (a) and the time delay (b) of temperature wavelet spectral components compared with blood flow components (for the group of ten healthy volunteers) [8]
Results presented in figure 1 allowed us to write the expression relating the spectral components of the temperature ST(f,t) and blood flow oscillations SBF(f,t) as
where t is the time, f is the frequency of spectral component, СAMP is the amplitude attenuation coefficient (solid line in figure 1a) , ∆tPHASE is the time shift (solid line in figure 1b) , λ is the skin heat conductivity (λ≈0.33 W/(m·K), c is the specific heat (c=3780 J/(K·kg)), ρ is the skin density (ρ=1057 kg/m 3 ), z is the thickness of a skin layer. Since the skin is a multilayer medium and each layer describes its thermal properties, z value should be considered as the effective thickness. This thickness characterizes the path length of the thermal wave taking into account its volume-averaged thermal properties.
Method of transformation the temperature oscillations into skin blood flow oscillations
To realize thermography-based imaging of blood perfusion we used three steps in each point of the thermogram: the computation of the time-frequency spectrum of temperature oscillations (step I in figure 2) ; the compensation of an amplitude attenuation and delay time of spectral components in accordance with dependencies in fig. 1 (step II in figure 2) ; and the inverse transformation of the modified spectrum into the signal considered as a blood perfusion (step III in figure 2). 
Fig. 2. Scheme of transformation the temperature signal into the blood flow signal

III
Synthesis of modified components SBF(f,t) (inverse wavelet or Fourier transform), plotting of the blood flow curve BF(t).
Results and discussion
To demonstrate capabilities of thermography-based blood perfusion imaging under rest condition and during reaction on brachial cuff occlusion we used the following protocol: 10 minutes of simultaneously recordings of the temperature and photoplethysmography signal under rest condition, followed by 2 minutes of total brachial occlusion, succeeded by observation of hyperemia and ended by a state of rest. Special software TBF-Converter was developed to realized transformation (see figure 2 ) temperature into the blood flow signal, and vice versa. Figure 3a shows simultaneously recorded temperature and photoplethysmography data during test with brachial cuff occlusion. It is clearly seen differences in waveforms of the two signals and a slow decrease in temperature with simultaneously abrupt drop in blood flow within occlusion period from 10 to 12 minutes. Figure 4 shows uniformly and symmetrical distribution of skin blood perfusion of the right and left hand during a rest condition. It is also evident variation in perfusion from low (2 min) to high (8 min) values. The brachial occlusion of right hand leads to short increasing of perfusion (10 min, fingertips of right hand) followed by abrupt decreasing of perfusion (11, 12 min). Post occlusion hyperemia accompanied by asymmetrical increasing of perfusion of right hand, especially in fingertips. Then special distribution of blood perfusion becomes symmetric in the right and left hands (18, 22 min).
Blood flow extraction during brachial cuff occlusion
Software "Temperature into Blood Flow Converter" (TBF-Converter).
To simplify the process of transformation one signal into another we have developed multifunctional program TBF-Converter 1.0 (figure 5). 
Conclusion
Relationship between the skin temperature and skin blood flow is a central issue for the development of thermal imaging methods of skin blood flow visualization. In this study, we used the hypothesis according to which skin temperature oscillations are the result of thermal waves generated by blood flow variation. This approach allowed us establishing the laws of amplitude attenuation (Eq. (2)) and phase shift (Eq. (3)) in skin temperature as a function of its frequency (figure 1a and b) [8] .
The compensation of an amplitude attenuation and delay time of temperature spectral components by means of Eq. (1) gave possibility of extraction blood flow signal. Application of algorithm in figure 2 in the each pixel of the thermogram allowed us to visualize the distribution of blood flow oscillations at the back of hands during three different physiological conditions (figure 4). Proposed method of thermography-based imaging of blood perfusion has high special and time resolution, and the method is independent from any light source characteristics which are meaningful for laser Doppler or speckle contrast imaging.
The developed program TBF-Converter 1.0 simplify the process of converting the temperature into blood flow signal, and vice versa. It would be interesting, converting the Laser Doppler flowmetry signal into the skin temperature in a perspective. Thus, present study has been demonstrated the method of thermography-based blood perfusion imaging which can be promising, especially in a monitoring of skin engraftment and researches of burn injuries.
